Background: The prognosis of patients with periampullary adenocarcinoma after pancreatoduodenectomy is diverse and not yet clearly illustrated. The aim of this study was to develop a nomogram to predict individual risk of overall survival (OS) and progression-free survival (PFS) in patients with periampullary adenocarcinoma after pancreatoduodenectomy. Methods: A total of 205 patients with periampullary adenocarcinoma after pancreatoduodenectomy were retrospectively included. OS and PFS were evaluated by the Kaplan-Meier method. Two nomograms for predicting OS and PFS were established, and the predictive accuracy was measured by the concordance index (Cindex) and calibration plots.
Background
The periampullary region is a complex region that is composed of distinct anatomical structures: the head of the pancreas, the distal common bile duct (CBD), the second portion of the duodenum, and the ampulla of Vater. Periampullary adenocarcinoma is now classified by the anatomic location of origin according to the 8th edition of American Joint Committee on Cancer (AJCC) staging [1] . Although periampullary adenocarcinoma accounts for approximately 0.2% of all gastrointestinal tract tumors [2] and is a relatively uncommon neoplasm, there has been an increasing trend of occurrence in recent years [3] . Periampullary adenocarcinoma is a common malignancy for which patients receive pancreaticoduodenectomy (PD), especially in Asia [4, 5] . The resectability is often limited by early local invasion of the surrounding anatomical structures, such as the superior mesenteric vein and superior mesenteric artery. The periampullary adenocarcinomas, including pancreatic head carcinoma, have a relatively low resectable rate of only 15-20% at diagnosis due to the absence of early detection methods [6, 7] . Patient survival after radical resection of adenocarcinomas of the pancreas, CBD, duodenum, and ampulla of Vater greatly varies [2, 8, 9] , although some studies have reported that there is a comparatively favorable prognosis among periampullary adenocarcinomas, with 5-year overall survival (OS) rates of 30-70% after radical resection [10, 11] .
Some reports have shown survival differences among different kinds of periampullary adenocarcinomas [2, 12] . Howe et al. reported that there was a higher resection rate, a lower recurrence rate, and a better OS rate for ampullary carcinomas compared with other periampullary adenocarcinomas [13] . However, pancreatic head carcinoma has been reported to have a poor prognosis even after curative therapy [14] . Anatomic location seems to provide some prognostic information in resected periampullary adenocarcinomas. Additionally, whether the ratio of lymph node (LN) with metastasis is or is not a predictor of OS in patients with periampullary adenocarcinomas has been controversial in recent years. Some studies [15, 16] suggested that the ratio of LN with metastasis was a strong predictor of OS in patients with periampullary adenocarcinomas while some reports [17, 18] failed to show that. Currently, the predictive value of variables is still uncertain. There is a lack of a staging system and consensus regarding specific risk profiles for OS and progression-free survival (PFS) in patients with periampullary adenocarcinomas; this lack makes appropriate risk stratification and physician-patient communication challenging. Risk equations and risk functions are widely applied in patient management, especially for predicting survival outcomes. Given these risk analyses and the current interest in precision medicine, it is necessary to establish prognostic tools to identify patients at risk of long-term survival and optimize patients' selection for appropriate treatment therapy.
A nomogram, which has been developed for various cancers [19] [20] [21] , is a simple graphical presentation of a multivariate predictive model showing the impact of each included variable on an outcome of interest that provides a numerical probability of the outcome [22] . Some reports have demonstrated some prognostic factors for the survival of patients with periampullary adenocarcinomas, although these prognostic factors were analyzed separately in different cohorts [12, 23] . Further, nomograms, which are capable of utilizing multiple prognostic variables, can provide a single numerical estimate of survival and an individualized prediction of survival. Unfortunately, nomograms have only been available for pancreatic carcinoma [24, 25] , and few studies [12, 26] have reported nomograms for ampullary carcinoma; these studies were based on a small cohorts or without relative high concordance indexes (C-index), indicating that these nomograms were not better choices compared with the tumor-node-metastasis (TNM) stage system. Additionally, there is a lack of specific nomograms that can predict long-term survival outcomes for patients with periampullary adenocarcinomas. In the present study, we constructed nomograms from a cohort study of patients with periampullary adenocarcinoma after pancreaticoduodenectomy to predict OS and PFS.
Methods

Patients
Consecutive patients with newly pathologically proven periampullary adenocarcinoma after pancreatoduodenectomy carried out between February 2009 and September 2016 at the Department of Hepatobiliary and Pancreatic Surgery of Sun Yat-sen University Cancer Center were enrolled into this study. Exclusion criteria are as follows: (1) patients with major vascular invasion (superior mesenteric vein, superior mesenteric artery, or inferior vena cava) (n = 28); (2) patients who underwent limited surgery (e.g. ampullectomy) (n = 5); (3) microscopic or macroscopic incomplete resection (n = 2); (4) patients diagnosed with distant metastasis with or without palliative therapy (n = 25); (5) pathologic cell types was not adenocarcinoma (n = 65); (6) patients diagnosed with other concurrent primary tumors (n = 12); (7) lost to follow-up (n = 18). All patients were followed up for at least 1 year after treatment. A total of 205 patients were included for this study.
Clinical data collection
All clinical and pathological data for diagnosis were retrieved from medical records archived at Sun Yat-sen University Cancer Center. The following clinical and pathological data were collected and analyzed: age, gender, white blood cell (WBC) count, C-reactive protein (CRP), alanine transaminase (ALT), aspartate aminotransferase (AST), albumin (ALB), total bilirubin (TBIL), alkaline phosphatase (ALP), serum levels of Carbohydrate antigen 19-9 (CA19-9), anatomical location, tumor differentiation, tumor diameter, lymph node ratio (LNR), LN metastasis and LN total number. LNR was defined as the number of LNs with metastases divided by the total number of excised LNs. The tumor stage was categorized according to the pathological TNM staging system issued by 8th edition of AJCC [1] .
Treatment procedure
Resection was performed when there was no evidence of metastasis and no arterial involvement. A classical Whipple operation was the standard resection, which was performed for all the included patients. Regional lymphadenectomy included dissection of the LNs in the hepatoduodenal ligament along the superior mesenteric vessels, and on the surface of the pancreas. After resection, a pancreaticojejunostomy, hepaticojejunostomy and gastrojejunostomy were performed. After anastomotic reconstruction, two or three silicone abdominal drains were left posterior to the pancreaticojejunostomy and hepaticojejunostomy.
Follow-up
Patients were followed up at least every 2 months during the first year and every 3 months thereafter. CA19-9 test, liver ultrasonography, CT, and MRI were selectively performed as needed. Progression was defined as identification of suspicious imaging finding or biopsy-proven tumor in the tumor bed, regional LN area or distant area. OS was defined as the duration from the date of operation until death or the last follow-up. PFS was defined as the duration from the date of operation until the date when tumor progression was diagnosed or the last follow-up. The last follow-up was completed on August 31, 2017.
Statistical analysis
SPSS version 22 software (SPSS Inc., Chicago, IL, USA) was used to analyze the data. The optimal cutoff value for LNR was determined using time-dependent receiver operating characteristic (ROC) analysis, which was performed using the package "survivalROC" in R version 3. 2.5. The laboratory threshold was used as a cutoff value for other clinical data. Categorical variables were compared using the chi-square test and Fisher's exact test. Continuous variables were compared using the twotailed unpaired t-test or Mann-Whitney U-test.
Survival times were estimated using the Kaplan-Meier method and compared using the log-rank test. Analyses for survival curves were performed using MedCalc software version 11.4.2.0 (MedCalc, Ostend, Belgium). Univariate analysis was performed to assess significance of clinical and pathological characteristics. Multivariate analysis was performed using the Cox regression model for variables that were significantly associated with OS or PFS in the univariate analysis, and the corresponding 95% confidence intervals (CI) were calculated. Two-tailed P values less than 0.05 were considered statistically significant.
A nomogram was developed based on the independent risk factors identified in the multivariate analysis. A final model selection for the nomogram was performed by a backward step-down selection process using a threshold P-value of 0.05. The performance of the nomogram was measured by C-index and assessed by calibration curves. The C-index reflected the probability that a randomly selected patient with a lower probability of survival predicted via the nomogram died earlier than another randomly selected patient with a higher predicted probability. The calibration curves were used to compare the predicted probability with the observed probability in the study cohort. Bootstraps with 1000 resamples were used for the development of the nomogram and calibration curve to reduce the overfit bias. All statistical analyses were conducted using R software version 3.2.5 (R Development Core Team; http://www.r-project.org) and the "rms" package developed by Harrell (Harrell et al.).
Results
Patient characteristics
Of the 205 patients with periampullary adenocarcinoma who underwent pancreatoduodenectomy, ampullary adenocarcinoma was the most common diagnosis (123 patients, 60%), followed by pancreatic adenocarcinoma (67 patients, 32.7%) and duodenal adenocarcinoma (15 patients, 7.3%). Baseline characteristics of patients are shown in Table 1 . The median age of all patients was 56.2 years (range 25-84 years). Most of the patients (128 patients, 62.4%) were men in the whole study cohort. Jaundice (TBIL ≥20.5 mmol/L) was reported most frequently in patients with ampullary adenocarcinoma (P = 0.045). These patients were more likely to have elevated values of CRP (P = 0.027), AST (P = 0.035), ALP (P = 0.010) and GGT (P < 0.001). The proportion of patients with large tumors was higher in the duodenal adenocarcinoma group than that in the ampullary adenocarcinoma group or pancreatic adenocarcinoma group (P = 0.002). All three groups were similar with respect to age, gender, WBC, ALT, ALB, tumor differentiation, LNR, LN metastasis and chemotherapy treatment. With the cutoff value of 0.17, LNR was associated with the optimal Youden index for OS and PFS prediction.
OS analysis
The median OS time was 533 days and the 1-year, 3-year and 5-year OS rates were 88.2%, 66% and 53%, respectively. In the univariate analysis, age, gender, WBC, CRP, ALT, AST, ALB, TBIL, ALP, GGT, tumor differentiation, tumor diameter, LN metastasis, LN total number and chemotherapy treatment were not related to OS (P > 0. 05). However, LNR, CA19-9 and anatomical location were significantly associated with OS (Table 2) . These three risk factors were entered into the multivariate Cox regression analysis. After a stepwise removal of variables, LNR (HR = 1.788, 95% CI = 1.103-3.155, P = 0.045), CA19-9 (HR = 2.090, 95% CI = 1.082-4.037, P = 0.028) and anatomical location (HR = 1.892, 95% CI = 1.083-3. 306, P = 0.025) remained significant predictors for OS (Table 3 ). All the included patients were further stratified by LNR (P = 0.015, Fig. 1a ), CA19-9 (P = 0.007, Fig. 1b ) and anatomical location (P = 0.006, Fig. 1c ) for OS analysis. The differences of OS rates were all significant.
PFS analysis
Tumor progression was observed in 60 (29.3%) patients in the study cohort. The median progression time was 418 days. The 1-year, 3-year and 4-year OS rates were 77.2%, 62.6% and 57.1%, respectively. The univariate analysis revealed that LNR, CA19-9, tumor differentiation, LN metastasis and anatomical location were all associated with PFS (P < 0.05, Table 2) . Multivariate analysis was then performed to delineate various prognostic indicators. Variables that were significantly associated with survival status in the univariate Cox analyses were included in the multivariate analysis. To avoid multicollinearity, the LN metastasis was not included in the multivariate analysis, as the LNR accounted for the absence or presence of LN metastasis. After adjusting for other risk factors the multivariate analysis showed that LNR (HR = 1.883, 95% CI = 1.094-3.242, P = 0.022), CA19-9 (HR = 1. 863, 95% CI = 1.010-3.436, P = 0.046), tumor differentiation (HR = 1.031, 95% CI = 1.005-1.058, P = 0.019) and anatomical location (HR = 1.545, 95% CI = 1.172-2.036, P = 0.002) all remained independently associated with PFS. Additionally, LNR, CA19-9 and anatomical location were all independent predictive factors for both OS and PFS (Table 3 ). All the included patients were further stratified by LNR (P = 0. 019, Fig. 2a ), CA19-9 (P = 0.014, Fig. 2b ), tumor WBC white blood cell count, CRP C-reactive protein, ALT alanine transaminase, AST aspartate aminotransferase, ALB albumin, TBIL total bilirubin, ALP alkaline phosphatase, GGT gamma-glutamyl transpeptidase, W well, M moderate, P poor, W-M well-moderate, M-P moderate-poor, LN lymph node differentiation (P = 0.001, Fig. 2c ) and anatomical location (P = 0.001, Fig. 2d ), respectively for PFS analysis. The differences of PFS rates were all significant.
Construction and validation of nomograms
All of the independent predictors of OS and PFS of patients in the study cohort were integrated into the nomogram (OS, Fig. 3 ; PFS, Fig. 4 ). The nomogram demonstrated good accuracy for OS prediction, with a C-index of 0.678 (95% CI = 0.612-0.744). Calibration plots for the probabilities of 1-, 2-, and 3-year OS showed fair agreement between the nomogram-predicted survival and the observed survival (Fig. 5a, b, c) . The nomogram for PFS (Fig. 4) prediction was generated via the Cox proportional hazards model including the above-mentioned variables that were independently associated with PFS. The C-index for PFS prediction was 0.680 (95% CI = 0.617-0.743). Calibration plots for the probabilities of 1-, 2-, and 3-years PFS showed an optimal agreement between prediction by the nomogram and the actual observation (Fig. 5d , e, f, respectively). Additionally, the bias-corrected C-indexes of the established nomograms were higher than those of the TNM 8th stage system for both OS and PFS analyses: OS = 0.678 (95% CI = 0.612-0. 744) vs OS = 0.510 (95% CI = 0.429-0.591; P < 0.001); PFS = 0.680 (95% CI = 0.617-0.743) vs PFS = 0.634 (95% CI = 0. 566-0.702; P = 0.042).
Survival analysis according to the risk stratification based on the nomogram
All the patients in this study were categorized into several risk groups according to the probability score calculated by the nomogram. Patients with the probability Table 1 score of < 10, 10-15 and ≥ 15 were assigned into the low risk group, middle risk group and high risk group, respectively. Figure 6 shows the Kaplan-Meier survival curves separated by nomogram-based grouping. The OS rates and PFS rates of patients in the low risk group were significantly higher than those of patients in the high risk group (P < 0.001).
Discussion
The annual incidence of periampullary adenocarcinoma is steadily on the rise [3] . The only curative therapy for periampullary adenocarcinoma is surgical resection, usually performed as PD; the curative resectable rate is only 20% [27] . The long-term survival rate of periampullary adenocarcinoma is low and varies in a wide range among adenocarcinomas of different anatomical locations in the periampullary region [8] . Additionally, the long-term survival rate is greatly influenced by the rate of early progression [28, 29] . In this study, we identified 205 patients who underwent pancreatoduodenectomy for periampullary adenocarcinoma and grouped them by different anatomical locations. We found that ampullary adenocarcinoma constituted a relatively large proportion (60%) of all adenocarcinomas of the periampullary region, which was equivalent to the results from other studies [4, 13] . It is possible that the higher rate of resectability of ampullary adenocarcinoma at diagnosis, specified in the literature as up to 80%, which is significantly higher than that for pancreatic adenocarcinoma (20%) [2, 30] , contributes to this situation. Jaundice, which is caused by the exophytic growth pattern of the tumor, was more frequently occurring in patients with ampullary adenocarcinoma in this study. This result may also partly explain the higher resectability rate of ampullary adenocarcinoma [31] . The low probability of jaundice could also lead to the late detection of patients with duodenal adenocarcinoma, along with relatively larger tumors. Further, inflammation-based markers, such as AST, ALP, GGT and CRP, are more likely to be elevated in patients with jaundice [32] , similarly to our study. The prognostic factors of patients with pancreatic adenocarcinoma [15, 33] , ampullary adenocarcinoma [17] , or duodenal adenocarcinoma [34] have been reported in several studies. There are few reports that focus on the prognostic factors and survival predictive Fig. 3 Nomogram-predicted probabilities of 1-, 2-, and 3-years OS of patients with periampullary adenocarcinoma after pancreatoduodenectomy. The nomogram is used by adding up the points identified on the scale for three or four variables. The sum is located on the "Total points" scale, and a line is drawn downward to the survival axes to determine the probability of 1-, 2-, and 3-years OS Fig. 4 Nomogram-predicted probabilities of 1-, 2-, and 3-years PFS of patients with periampullary adenocarcinoma after pancreatoduodenectomy systems for patients with periampullary adenocarcinoma. By using a relative large patient cohort, we found that LNR, CA19-9 and anatomical location were independently predictive factors for both OS and PFS. Lower tumor differentiation was also associated with poorer PFS. Compared with pancreatic adenocarcinoma and ampullary adenocarcinoma, patients with duodenal adenocarcinoma had higher OS rates. The PFS rates were the highest for patients with ampullary adenocarcinoma in the study cohort, which is similar to the results of other studies [13, 31] . However, chemotherapy was not an independent predictor for either OS or PFS. The need for chemotherapy after surgery was determined by a surgeon in cases with poor prognostic factors, such as LN metastasis. It is possible that the independent significance of chemotherapy was affected by the selective administration in this study. In addition, we developed a nomogram as an easy-toapply model to predict the individual survival risk of patients with periampullary adenocarcinoma after pancreatoduodenectomy in the current study. For these patients, the nomogram internally showed that the prognosis would be better in terms of OS for patients with duodenal adenocarcinoma after pancreatoduodenectomy compared with the other two adenocarcinomas. For patients with a specific kind of periampullary adenocarcinoma, the nomogram can serve as a quantitative scoring system to estimate OS and PFS.
All variables in the nomogram were clinical or pathological characteristics. By treating continuous variables, including CA19-9 and LNR, as binary predictors, this nomogram provided a simple and visual friendly method for prognosis estimation. Further, current nomograms allow the visual tracing of the estimated risk and impact on risk when various modifiable risk factors are added or removed. Of all variables included in the nomagram, CA199-9 was previously accepted as a prognostic factor for OS and PFS of patients with ampullary adenocarcinoma [23, 35, 36] . With the cutoff value of 35 U/ml, patients can be easily separated into groups with elevated values or normal values of CA19-9. Previous reports have shown that patients with higher preoperative CA19-9 levels were more likely to have higher tumor burdens and reduced chances of survival [37] . In the current study, we found that patients with elevated CA19-9 levels were more likely to have reduced OS and PFS. Our results are similar to the study by Cristina et al. [23] , which showed that a lower preoperative CA19-9 level correlated not only with a lower pathologic stage but also with an increased postoperative survival.
LNR was demonstrated as a predictor of survival by many reports [12, 26] . The present study showed that a higher LNR was significantly associated with poorer OS and PFS. Our study did not show an association between the total number of resected nodes and OS or PFS in patients with periampullary adenocarcinoma. This result was similar to other reports [38, 39] in which the total number of nodes examined was not a predictive factor for survival. Furthermore, as demonstrated in the present study [16, 40] , it was found that LNR was a superior predictor of survival compared with the total number of resected LNs. AJCC recommends at least 12 harvested nodes for accurate staging because insufficient LNs may lead to understage the N category in many kinds of tumors, such as gastric carcinoma or pancreatic carcinoma [1, 41, 42] . A patient with fewer resected LNs may have a decreased survival. The elevated LNR was a sign that showed the tendency of metastasis or progression and was associated with the poorer OS and PFS in this study. Our study demonstrated results similar to previous research [43] conducted by the MD Anderson Cancer Center, in which the strong association between high LNR (> 0.15) and low distant metastasis-free survival was detected.
OS and PFS of patients with adenocarcinoma from different anatomical locations in the periampullary region were analyzed and compared. Some studies [2, 44, 45] reported the 5-year OS rates of duodenal adenocarcinoma, ampullary adenocarcinoma and pancreatic carcinoma were 59%, 39% and 15%, respectively. As in the previous studies, our study showed that patients with duodenal adenocarcinoma had a better long-term OS. Interestingly, patients with ampullary adenocarcinoma kept an even higher long-term PFS rate compared with duodenal adenocarcinoma and pancreatic adenocarcinoma. Bucher et al. [31] also reported that ampullary carcinomas had a lower recurrence rate, which was in contrast with other carcinomas of the periampullary region. It is possible that the adenoma-to-carcinoma sequence of ampullary carcinoma, which is similar to colon carcinoma, contributed to this phenomenon [46] . In addition to the anatomical location, other pathological characteristics, such as tumor differentiation, have been reported to be associated with the progression of periampullary carcinoma [47, 48] . Park et al. [49] revealed that tumor differentiation was a significant influencing factor of early progression in patients with periampullary carcinoma. In our multivariate analysis, we also found that poor tumor differentiation was a poor prognostic factor for PFS. In general, it should seem that OS rate would be reduced in patients with poor tumor differentiation [50, 51] , and our data showed such a tendency, but failed to show statistical significance, possibly due to the small total number of patients in the study. Tumor differentiation as a prognostic factor for PFS needs to be further elucidated by future prospective randomized controlled studies.
All the variables included in the nomograms were significant predictive factors for OS and FPS in this study. Our nomograms showed good C-indexes in the study cohort. The C-indexes of the nomograms for OS and PFS prediction were 0.678 and 0.680, respectively. This means that if two patients with different nomogram points are selected, the probabilities that the patient with the higher nomogram score would die earlier and of which the disease would progress earlier are both over 67%. Further, the comparison of C-indexes showed that the established nomogram displayed more powerful efficiency of discrimination for both OS and CSS prediction compared with the TNM 8th edition stage system. Calibration plots show how accurate the results are as predicted by the nomogram model compared with the results estimated by the Kaplan-Meier method. The calibration plots of internal validation demonstrated good fitness for OS and PFS prediction, as the predicted survival probabilities at 1-, 2-, and 3-years estimated via the nomogram were closely aligned with the actual survival times. Additionally, a clear risk stratification of survival times using nomogrampredicted survival probabilities was demonstrated by survival curves. Therefore, a user-friendly nomogram can help physicians to predict the prognosis of patients and provide individualized treatment.
There were several limitations in this study. First, it was a retrospective study that relied on a single-institutional dataset. Geographic and institutional heterogeneity of patients may affect these results. Second, some of the potential predictive variables could not be included into the nomograms. Third, an external validation for predictive accuracy of the nomograms was not conducted in our study, which decreased the applicability of the nomograms to an external cohort. Large prospective studies are needed to further validate the accuracy of these prognostic nomograms.
Conclusions
The predictive power of variables for survival prediction in patients was analyzed in this study. This was the first study that included LNR and anatomical location to nomograms for predicting OS and PFS in patients with periampullary adenocarcinoma after pancreatoduodenectomy, potentially facilitating highly tailored patient management. 
